NASA-CR- 1 65332 

I ^ Si o g r/c ^io 


76 001 


66 2064 


AJASA 


G/e -/65> 33^— 


NASA CR-165332 




INERT GAS THRUSTERS 

Prepared for 

LEWIS RESEARCH CENTER 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
GRANT NSG 3011 



JUL 7 1981 

* t 

-R.SrARC'iH CENTS** 
LIBRARY, NASA 


Annual Report 
December 1980 

| Harold R. Kaufman and Raymond S. Robinson 

I Department of Mechanical Engineering 

*' Colorado State University 

Fort Collins, Colorado 




1. Report No. 2. Government Accession No. 

CR-165332 

3. Recipient's Catalog No. 

4. Title and Subtitle 
INERT GAS THRUSTERS (U) 

5. Report Date 
December 1980 

6. Performing Organization Code 

7. Author(s) 

Harold R. Kaufman and Raymond S. Robinson 

8. Performing Organization Report No. 

10. Work Unit No. 

9. Performing Organization Name and Address 
Department of Mechanical Engineering 
Colorado State University 
Fort Collins, Colorado 80523 

11. Contract or Grant No. 
NSG 3011 

13. Type of Report and Period Covered 
Contract Report 

12. Sponsoring Agency Name and Address 
National Aeronautics and Space Administration 
Washington, DC 20546 

14. Sponsoring Agency Code 

15. Supplementary Notes 

Grant Manager: William R. Kerslake 

NASA Lewis Research Center 
Cleveland, Ohio 44135 

16. Abstract 


Some recent advances is component technology for inert— gas thrusters are described. The 
maximum electron emission of a hollow cathode with Ar can be increased 60-70/ by the use of an 
enclosed keeper configuration. Operation with Ar, but without emissive oxide, has also been 
obtained. A 30-cra thruster operated with Ar at moderate discharge voltages gave double-ion 
measurements consistent with a double-ion correlation developed previously using 15-cm thruster 
data. An attempt was made to reduce discharge losses by biasing anodes positive of the discharge 
plasma. The reason this attempt was unsuccessful is not yet clear. The performance of a single- 
grid ion-optics configuration was evaluated. The ion impingement on the single-grid accelerator 
was found to approach the value expected from the projected blockage when the sheath thickness 
next to the accelerator was 2-3 times the aperture diameter. 


17. Key Words (Suggested by Author(s)) 18. Distribution Statement 

Electric Propulsion 

Ion Beams Unclassified - Unlimited 

Ion Sources 
Plasma Physics 

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No, of Pages 22, Price* 

Unclassified Unclassified 


* For sale by the National Technical Information Service, Springfield, Virginia 22161 

/vSt-abn-rH- 


NASA-C-168 (Rev. 10-75) 






















TABLE OF CONTENTS 


I. INTRODUCTION 1 

II. HOLLOW CATHODES 3 

Enclosed-Keeper Designs 3 

Carbon-Tip Designs 12 

III. DOUBLY IONIZED PROPELLANT 18 

IV. ION REFLECTION EXPERIMENT 22 

V. SINGLE-GRID ION OPTICS 27 

VI. CONCLUDING REMARKS 35 

REFERENCES 37 

APPENDIX A 39 

APPENDIX B 85 




I. INTRODUCTION 


A continued research program has been directed at both component 
and overall performance of inert-gas thrusters.'*' Progress is reported 
herein for component research in cathodes, discharge chambers, and ion 
optics. 

A maximum electron emission has been observed for a given combination 
of cathode configuration and inert-gas flow. Preliminary tests have 
previously shown that higher maximum emissions can be reached at the 
same gas flow using an enclosed keeper design. Reported herein are the 
results of an experimental study of different enclosed-keeper configu- 
rations, with the study directed at increasing the maximum emission. 

The "conventional" hollow cathode configuration has a tungsten tip 
welded to a tantalum tube, together with an oxide impregnated insert. 

When projected to larger sizes, thermal stresses at the welded joint 
could easily cause reliability problems. Also, there have been various 
problems associated with the presence of the oxide that is provided to 
enhance electron emission. A research effort has therefore been directed 
towards new hollow-cathode concepts. Among the more promising concepts, 
described herein, is a carbon cathode tip held in place with spring 
tension. No emissive oxide is used with the carbon-tip design and heat 
is provided by an internal glow discharge. 

Doubly charged ions are responsible for most of the erosion within 
a discharge chamber. To provide design information for future large 
thrusters, double ion data were obtained with a 30-cm multipole thruster. 

Another area of discharge- chamber research concerned the possible 
reflection of ions at the discharge-chamber boundary. If such reflection 
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were possible, it could result in reduced discharge losses. To this 
end, an experiment was conducted with various anode biases. 

The final research described herein is the study of single-grid ion 
optics. The usual two-grid or three-grid ion optics become increasingly 
limited in current capacity as specific impulse is lowered. Single-grid 
ion optics are limited by sputtering erosion to low ion energies, but 
avoid the ion-beam current limitations of multiple-grid ion optics. The 
operating characteristics of a single-grid ion-optics configuration were 
measured to facilitate evaluation of this ion-optics approach at, for 
electrostatic propulsion, relatively low specific impulses. 

■k 

A shorter version of this report is published as an AIAA paper. 

The major differences are in the appendices included herein. 


Harold R. Kaufman, Raymond S. Robinson, and Donald C. Trock, "Inert-Gas 
Thruster Technology," AIAA Paper No. 81-0721, April 1981. 
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II . HOLLOW CATHODES 
Enclosed-Keeper Designs 

There is a maximum electron emission that can be obtained with a 
given combination of hollow- cathode configuration and inert-gas flow 
rate. The limiting condition is a rapid increase in anode voltage when 
an attempt is made to increase the anode current. No similar limitation 
has been reported for mercury hollow cathodes. If such a limitation 
exists with mercury, it probably exists beyond normal operating ranges. 

This emission maximum is an important consideration for inert-gas 
thruster design. For example, using tests in a small vacuum chamber as 
a basis for estimating performance, the reference design utilizing an 
open keeper described herein would require 0.6 A-equiv of argon to 
neutralize a 10 A ion beam with a 26% safety margin between normal 
operation and the emission limit. This means that a factor of about 
0.95 would be introduced into the overall thruster efficiency due to 
just the neutral loss from the neutralizer. If a greater safety margin 
were used, the reduction in overall efficiency would be greater. A 
similar calculation for the discharge chamber shows that most of the 
neutral flow to the discharge chamber would have to be directed through 
the discharge-chamber cathode, or cathodes. Such a cathode flow could 
easily result in significant propellant density nonuniformities in the 
discharge chamber for the short length- to-diameter ratios expected in 
future large thrusters. Means of increasing the maximum emission for a 
given gas flow are therefore of interest for future inert-gas thrusters. 

Preliminary tests have shown higher electron emissions are possible 
for the same inert-gas flow using an enclosed keeper design. ^ As a 
result of these preliminary tests, an extensive study has been conducted 
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to determine the optimum enclosed- keeper configuration. The 
enclosed-keeper design tested, together with the open- keeper reference 
design with which it was compared, is shown in Fig. 1. The reference 
design, shown in Fig. 1(a), had a wire keeper with an inside diameter of 
4 mm, spaced 1 mm from the cathode tip. The enclosed-keeper design. 

Fig. 1(b), was operated with a range of keeper hole diameters from 2 to 
6 mm, in 1 mm increments. The keeper spacing from the tip was varied 
from 1 to 9 mm, also in 1 mm increments. The hoi low- cathode orifice was 
0.76 mm for both cathode designs. The anode used in all tests was a 
perforated cylinder 5 cm in diameter and 7.6 cm long, with the cathode 
mounted on axis near one end. Past tests have shown that a large anode 
area, such as this, is necessary when using argon to avoid an increased 
anode voltage due to the anode sheath. Detailed results for the enclosed 
keeper tests are given in Appendix A. 

Some sample performance curves are shown in Figs. 2 and 3, all for 
a 4 mm keeper hole diameter. Note that a sharp rise in anode voltage 
was encountered for all test configurations - if the emission current 
was increased to a high enough value. As described in earlier work, 
operation within this region of sharp voltage rise is associated with a 
large increase in electrical "noise" and plume luminosity. 

The optimum enclosed keeper position is shown in Fig. 4 for each 
hole diameter investigated. The points shown indicate the position of 
the aperture in the keeper. The optimum in this case was defined as the 
spacing that gave the highest ratio of electron emission to gas flow 
(A/A-equiv) at an anode potential of 30 V. Where more than one keeper 
spacing is shown for the same hole diameter, no significant difference 
was found for the spacings shown. 
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0 5 10 



(a) Open keeper design 



(b) Enclosed keeper design 


Hollow cathode configurations with oxide impregnated 
inserts. (Barium and strontium carbonates are used 
for the impregnation. Oxides are produced during 
heating prior to operation.) 


Fig. 1. 
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Anode current, A 


Fig. 3. Comparison of performance with open and enclosed keepers. 

Argon flow, 0.6 A-equiv; keeper current, 0.3 A; keeper 
hole diameter, 4 mm. 
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0 5 10 


mm 

(a) Argon flow, 0.4 A-equiv 



0 5 10 


mm 

(b) Argon flow, 0.6 A-equiv 


Fig. 4. Optimum enclosed keeper spacings for a range of keeper 
opening diameter. (Optimized for maximum emission at 
an anode potential of 30 V.) 
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The mean free path within the keeper enclosure was calculated 

assuming an enclosure temperature of 400°C and a neutral cross section 
° 2 

of 26 A. For the 0.4 A-equiv flow rate, the calculated mean free path 
was in all cases larger than the keeper spacings shown in Fig. 4(a). 

This calculated result is consistent with the optimum keeper locations 
of Fig. 4(a), which roughly define a cone with a 30° half angle. The 
electron current from a hollow cathode is known to roughly follow the 
path of the neutral efflux from the orifice. For the 0.4 A-equiv flow 
of Fig. 4(a), the distribution of the neutral efflux appears to be 
determined close to the orifice, with little effect due to the pressure 
within the keeper enclosure. The best keeper locations in this case 
resemble those found for open- keeper designs. That is, they do not 
intrude on the central current carrying region which occupies a large- 
angle conical volume. ^ 

For the 0.6 A-equiv argon flow rate, the calculated mean free paths 
in all cases were smaller than the optimum keeper spacings of Fig. 4(b). 
This result is consistent with these locations forming much smaller 
angles relative to the beam axis and the orifice. That is, the higher 
enclosure pressures at the 0.6 A-equiv flow rate result in a closer 
approach to continuum flow, so that the efflux is actually confined to a 
smaller region due to the pressure within the enclosed keeper. This 
interpretation is qualitatively consistent with effective enclosed- 
keeper designs developed for mercury. 

At 0.4 A-equiv of argon, the reference open-keeper design had a 
maximum emission- to- flow ratio of 16 A/A-equiv. For the keeper loca- 
tions shown in Fig. 4(a), the same ratio ranged from 15-28 A/A-equiv, 
with the highest ratio obtained at the highest spacing. 
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At 0.6 A-equiv, the reference open-keeper design had a ratio of 
21 A/A-equiv. For the keeper locations shown in Fig. 4(b), the ratios 
were 23-33 A/A-equiv, with the lowest ratio obtained using the 2 mm hole 
and the highest with the 6 mm hole. 

The best enclosed keeper designs thus gave 60-70% increases in 

emission over the reference open-keeper design at the same gas flow 

rate. For the orifice size used (0.76 mm), good performance should not 

be expected much below 0.4 A-equiv of argon. At 0.3 A-equiv, an emission- 

flow ratio of 17 was obtained, but there was an intermediate region of 

erratic operation that exceeded 30 V. Assuming a design with adequate 

heat rejection, satisfactory operation should be expected at higher gas 

■k 

flows. At 0.7 A-equiv, the emission-flow ratio was 28, or more, with 
the open keeper reference design. Extrapolation of these trends would 
indicate that an open- keeper design may be adequate, if emissions and 
flow rates are high enough. If an enclosed keeper design is used at 
higher flow rates, the optimum designs would be expected to be more 
similar to Fig. 4(b) than Fig. 4(a). 

Some experiments were also conducted with various shapes for the 
keeper enclosure, but without any significant effect on the performance. 

As an example of these experiments, data for a tubular keeper, 5 mm in 
diameter and 7 mm long, are shown in Fig. 5. Also shown in Fig. 5 are 
data for flat plate keepers (of the type shown in Fig. 1(b)) with a 
spacing of 7 mm and diameters of 3 and 4 mm. The flat plate keeper 
holes selected were smaller than the tubular hole to approximate the 
same gas-flow impedance. As can be seen, the anode characteristics were 


The power supply limit was reached before a sharp anode voltage rise 
was encountered. The exact minimum ratio is therefore not known. 
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Enclosed keeper 
O Tubular, 5 
□ Flat plate, 4 
A Flat plate, 3 
O Anode 
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Fig- 5. 


Comparison of performance with different enclosed keeper 
designs. Argon flow, 0.6 A-equiv; keeper current, 0.3 A. 
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quite similar for the two keeper configurations. The keeper voltage for 
the tubular keeper design was slightly higher, perhaps because the 
larger 5 mm diameter had a higher impedance connection to the current 
carrying region near the axis. 

Carbon-Tip Designs 

There appears to be a clear need for large inert-gas thrusters in 
the future, which implies a similar need for large cathodes. The 
present hollow-cathode design, with a tungsten tip electron-beam welded 
to a tantalum tube, is expensive and difficult to fabricate. Also the 
possibility of thermal stress and fatigue problems at the welded joint 
would be increased with increased cathode size and power. 

An alternate approach was considered as a means of avoiding most of 
the thermal stress problems. In this alternate approach the tip is a 
separate part, kept in contact with the cathode tube by spring tension. 
With such a design, relative expansion of the tip and tube can take 
place without significant stress. Also, with no welding required, the 
choice of tip material can be made without consideration of welding 
compatibility. Carbon (graphite) then becomes a good candidate, with 
excellent high-tenperature capability and ease of machining. 

The carbon-tip design shown in Fig. 6(a) was first tested with an 
oxide impregnated insert. Five hours of operation resulted in noticeable 
material removal from the upstream edge of the orifice, apparently by 
some flaking process rather than sputter erosion. The glow discharge 
heating concept also shown in Fig. 6(a) was first tested with a conven- 
tional tungsten tip, which reached temperatures in excess of 2000° C 
during operation. The high temperature encountered without oxide made 
the combination with a carbon tip appear attractive. The two concepts 
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were combined, as indicated in Fig. 6(a) , which resulted in a 
configuration that never achieved coupling to the anode. Although the 
tantalum tube was heated to a yellow-white heat by the glow discharge 
within, no significant electron current was ever established to the 
anode. 

To reduce the cooling influence of the large carbon tip, it was 
reduced in size, as indicated in Fig. 6(b). After about 15 seconds with 
a 1.2 A heating discharge between the central tungsten electrode and the 
tantalum tube, with 0.8 A-equiv of argon flowing, the tip reached 1500*C 
and a discharge was established to the anode. Up to this point the 
keeper had been at 500 V to assist coupling through the orifice. The 
heater and keeper power supplies were then both turned off, and the 
heating was provided by the cathode-anode current. The operating 
characteristics for this configuration are shown in Fig. 7. The 4 A 
point represents the lowest anode current for which the cathode was 
self-heating. The tip temperatures ranged from about 1500*C at 4 A to 
1700°C at 15 A. Disassembly after several hours of running revealed 
some surface texturing, but no significant dimensional changes. 

A working hypothesis was made at this point. Assuming the required 
* 

emission temperature is achievable, the potential difference between 
the cathode and the plasma within it varies to maintain a surface at 
emitting temperature. For an oxide coated or impregnated insert, the 
heating power can be quite low. Without oxide, a much higher power must 
be supplied to reach emission temperature. Comparing the performance of 
a conventional hollow cathode that uses oxide"* with the configuration 


The actual emission within a hollow cathode is believed to be by a 
combination of thermionic and high-field processes. In this discussion 
we are concerned primarily with the effects of temperature. 
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Anode current, A 


Fig. 7. Hollow-cathode performance with carbon (graphite) tip 

configurations. Argon flow, 0.8 A-equiv; keeper current, 
0.3 A. 
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shown in Fig. 6(b), the difference in anode voltage at similar currents 
indicates an additional 100-120 W of heating power is required in the 
absence of oxide. 

From the above reasoning, an attempt was made to reduce the anode 
voltage required by providing better thermal isolation between the 
emitting surface and the outside of the cathode. The emitting surface 
and the thermal isolation consisted of three layers of tantalum foil 
inside the tantalum tube. This configuration was first tested without 
the tip bevel also included in Fig. 6(c). The major effect of the tip 
bevel (compare tips for Figs. 6(b) and (c)) was to increase the maximum 
anode current by about 2 A. Data for the configuration as shown in Fig. 
6(c) are also shown in Fig. 7. Comparing the data for the two configu- 
rations in Fig. 7, the addition of the tantalum foil reduced the heating 
power requirements by 30-50 W. 

An even more impressive result of the tantalum foil addition was 
the ease of starting. Starting at room temperature with a 1.1 A-equiv 
argon flow and 65 V on the anode (no keeper), the 1.2 A internal discharge 
would heat the cathode to emission temperature and permit coupling to 
the anode within five seconds. The heater power could then be turned 
off, the flow reduced to 0.7 A-equiv, and normal operation maintained 
over a 3-20 A emission range. The tip temperature for this configura- 
tion ranged from a little over 1200°C at 3 A to over 1800°C at 19 A. 
Disassembly after several hours of operation revealed no measurable 
erosion. 

The results presented for carbon-tip hollow cathodes, without oxide 
enhanced emissive surfaces, are believed to be significant. These 
results suggest that the present electron-beam welded construction can 
be replaced with a more economical assembled construction. Also, it is 
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possible that oxides with their attendant problems of conditioning, 
poisoning, and depletion might be eliminated. Some additional heating 
power (and hence coupling voltage) will probably be required in the 
absence of oxide, but with proper thermal design this increase should 
be small. Note that the glow-discharge heater is inherently simpler 
than the swaged-wire heater that it replaces, indicating the possibility 
of increased heater reliability. 
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III. DOUBLY IONIZED PROPELLANT 

The erosion within the discharge chamber of a thruster is due 

mostly to doubly charged ions. This erosion has become more serious as 

thrusters have become larger, and two-step double ionization from 

primary electrons has become the dominant process at normal operating 
* 

conditions. With even larger thrusters planned for the future, the 
prediction and control of doubly ionized propellant has become an 
important research area. 

A theory for the production of doubly charged ions has existed for 
7—8 

some time, but the utility of this theory has been limited by the 

prior need for detailed plasma probe data. A more recent approach 

assumes that the two-step process from primary electrons is the dominant 

9 

one for generating doubly charged ions. With this assumption, parameters 
were derived to use in the correlation of experimental double ion data, 
without any requirement for detailed plasma properties. The correlation 
of experimental data obtained was also in qualitative agreement with a 
straight theoretical derivation using the same two-step assumption. 

The experimental data used in the correlation described above was 
obtained with a 15-cm multipole thruster. With much larger thrusters 
planned for the future, it is of interest how well the data from larger 
thrusters would agree with the correlation. Double ion data were 
therefore obtained from a 30-cm multipole thruster. These 30-cm data 
are plotted in Fig. 8, together with the previously obtained 15-cm data. 


A one-step process is involved when a neutral becomes a doubly charged 
ion with a single electron collision. A two-step process requires two 
electron collisions for a doubly charged ion to be generated from a 
neutral, with a singly charged ion the usual intermediate step. 



Double ion parameter, 



Neutral loss parameter, 
Jod-TjyKilp /A p )/A 0 , A-eq/m 


Fig. 8. 


Double ion correlation for argon. Double ion parameter 
based only on two-step double ionization from primary 
electrons. 
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The curve in Fig. 8 is the one used previously to fit just the 15-cm 
data. In the neutral- loss parameter, J q is the total neutral flow rate 
to the discharge chamber in A-equiv, n u is the fraction of this total 
flow that is ionized when it leaves the discharge chamber, fi and A are 

p p 

3 

the volume and outside area of the primary electron region in m and 
2 

m , and A^ is the effective sharp-edged orifice area for the escape of 

neutrals through the ion optics. In the double- ion parameter, in 

| | 

addition to some of the above quantities, I /I is the ratio of doubly 

to single ionized ion currents, A g is the open screen area for extracting 
2 

ions in m , J, is the ion beam current in A, eV, is the primary electron 
b a 

energy in eV (electronic charge times discharge voltage) , and <j>„ is the 
second ionization potential in eV. 

At first glance, the 30-cm data departs substantially from the 
previously obtained correlation with 15-cm data, mostly in the direction 
of an increased double ion fraction. A more detailed examination, 
though, shows that the 30-cm data farthest above the 15-cm data were all 
obtained at high discharge voltages. But high discharge voltages are 
consistent with a large production rate for doubly charged ions produced 
by a one- step process. 

To check the effect of the one-step process on the 30-cm data, the 

derivation of the double-ion parameter was repeated, except that both 

the one-step and two-step production of doubly charged ions from primary 

■k 

electrons were included. This modified double- ion parameter resulted 
in a much improved correlation of data, especially the data obtained at 


Doubly charged ions can also be produced by the background Maxwellian 
electrons. The Maxwellian electron temperature, however, tends to 
decrease with increasing thruster size, so that this process becomes 
relatively unimportant for large thrusters. 



21 


high discharge voltages. Unfortunately, the modified parameter is also 
much more complicated, in that it must include cross sections for both 
one-step and two-step processes at primary electron energy. Also, most 
thruster applications are limited to small double- ion fractions, where 
the one-step process is, indeed, small. 

A derivation of the modified parameters, including one-step double 
ionization from primary electrons, is presented in Appendix B. 

For thruster applications, then, the correlation indicated by the 
15-cm data, or the 30-cm data at moderate voltages, is recommended for 
design-stage predictions. The agreement between 15-cm and 30-cm data 
(at moderate discharge voltages) indicates that extrapolation to even 
larger thruster sizes may be reasonable. A careful comparison of the 
more complicated correlation described above with the correlation 
indicated in Fig. 8 indicates that the average contribution of one-step 
double ionization may be as much as 40% of the total double ionization 
measured. The double- ion correlation of Fig. 8 thus represents a 
dominant two-step process, but with still a significant contribution 
from the one-step process. 
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IV. ION REFLECTION EXPERIMENT 

Electric propulsion applications would, in general, benefit from 
lower discharge losses. This is particularly true for lower specific 
impulses, where the effect of discharge loss on overall efficiency is 
greater. One of the approaches to reducing discharge losses that has 
been studied in the past is ion reflection at the boundaries of the 
discharge chamber. 

To the first approximation, ions produced in a discharge chamber 
tend to propagate equally in all directions. The discharge losses per 
extracted ion are therefore roughly proportional to the total area 
around the production region divided by the extraction area. The 
production region is, of course, approximated as the primary electron 
region - where primary electrons cannot be intercepted by the anode 
without first undergoing a collision. The approach of interest here is 
the possible reflection of ions at a non-extraction boundary, thus 
reducing the effective loss area for ions. 

The first clear description of this ion reflection concept in the 
electric propulsion field was by Moore^ and Ramsey. ^ It was referred 
to as magneto-electrostatic containment, or MESC. In MESC the anodes 
were biased positive of the discharge plasma, so that ions approaching 
the anodes would be reflected, saving them for extraction into the ion 
beam. Using this approach, Ramsey reported Hg discharge losses of 155- 
160 eV/ ion at 90% utilization. This loss was approximately two-thirds 
of what would be expected from the extraction area and the area sur- 
rounding the production region. It therefore appears clear that some 
degree of reflection was actually taking place. 
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The experiment to be described next was not successful, in the 
sense that ion reflection was not achieved. It should be of interest, 

however, for any program directed at reducing discharge losses. 

12 

The anodes of a rectangular-beam multipole ion source were biased 
as indicated in Fig. 9. The relative bias between the two sets of 
anodes was small compared to the total discharge voltage, so both sets 
were still positive relative to the electron emitting cathode. An anode 
was not installed where the cathode supports are indicated. Otherwise, 
all the anodes opposite the ion optics were biased positive relative to 
the other anodes. The discharge power was assumed to be the total of 
the powers through the two sets of anodes. 

It was hoped that the positively biased anodes would become positive 
relative to the discharge plasma. Such a bias was, indeed, verified in 
separate tests with Langmuir probes. It was also hoped that the bias 
would, at some point, result in ion reflection and reduced discharge 
losses. As indicated in Fig. 10, such a reduction did not take place. 

To the first approximation, no change in discharge loss occurred. A 
more careful examination indicates that the discharge losses increased 
slightly with increasing anode bias. 

As indicated earlier, this test was not successful in that it did 
not achieve the hoped for reduction in discharge losses. Inasmuch as 
the anodes could be biased positive of the discharge plasma, the lack of 
ion reflection still remains to be explained. At this point the best 
explanations appear to involve magnetic field strength and transient 
behavior. 

The diffusion of electrons across the magnetic field to the anodes 

9 

has been shown to be in the "anomalous" or "turbulent" diffusion regime. 



2 



Fig. 9. 


Anode bias configuration used in rectangular-beam 
thrus ter . 
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That is, the electron diffusion across the magnetic field is not a 
steady-state process. Instead, it is accompanied by fluctuations in 
density and potential. Thus, despite a time-averaged potential that 
would tend to reflect ions, the fluctuations could still permit ions to 
reach the vicinity of the anodes. 

The magnetic field integral (/B*dx) between the bulk of the discharge 
chamber and an anode was, for the rectangular-beam ion source, just 
sufficient to deflect primary electrons back into the discharge chamber. 
For the discharge chamber used by Ramsey, the magnetic integral was 
several times higher. So high, in fact, that a separate "plasma anode", 
unprotected by magnetic field, was required for the completion of the 
discharge circuit. This difference in magnetic field integral may have 
been sufficient to permit some ion reflection despite the fluctuations 
expected in the diffusion process. At this point, however, the infor- 
mation is not sufficient to draw a clearcut conclusion. 
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V. SINGLE-GRID ION OPTICS 

Electric propulsion offers substantial payload advantages over 
chemical rockets for geocentric orbit-raising missions. Trip time, 
however, is often a serious concern for such missions. To minimize the 
increased trip time normally associated with electric-propulsion orbit- 
raising missions, relatively low specific impulses are of interest. 

13 14 

With both two-grid and three-grid ion optics, the space charge 
between the grids serves to limit the possible ion-beam current density 
at low specific impulses. Decreasing the spacing between grids will 
increase the ion current density, but there are practical limits involved 
in this reduction of grid spacing.'*""’ 

Single grid optics have been used to generate very low energy ion 
16 17 

beams, * but have not previously been proposed for electrostatic 
thrusters. As discharge chambers become more efficient, the permissible 
minimum specific impulse from an efficiency viewpoint drops. If the ion 
energy is permitted to be low enough, it will approach the sputtering 
threshold and adequate lifetime will be assured. For example, a 30 eV 
argon ion (near the sputtering threshold) still has a velocity corres- 
ponding to about 1200 seconds. 

The major performance considerations for single-grid ion optics, 
besides durability, are the fraction of ions transmitted and the diver- 
gence characteristics of the transmitted ion beam. If, as indicated in 
Fig. 11(a), the ion sheath, SL , is large compared to the accelerator 
hole diameter, d & , the accelerated ions will "see" a nearly uniform 
potential at the accelerator grid. The fraction of ions escaping into 
the ion beam will then approximate the open-area fraction of the accel- 
erator. If, on the other hand, as indicated in Fig. 11(b), the sheath 
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a 

(a) Large relative sheath thickness 



a 

(b) Small relative sheath thickness 


Fig. 11. Single-grid operation at different relative sheath 
thicknesses (£ s /d a ) . 
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thickness approaches the accelerator hole diameter, a larger fraction of 
the ions will be directed toward the accelerator grid. 

The sheath thickness is, of course, determined by the ion current 
density arriving at the sheath, the potential difference between the 
plasma and the accelerator grid, and the charge-to-mass ratio of the ion 
being accelerated. For the sheath thicknesses presented herein, Child's 
law was used. That is, a simple one-dimensional planar distribution of 
potential was assumed, with no correction for the apertures in the 
accelerator grid. The central portion of a large multipole thruster was 
used to assure uniformity over the ^1 cm beam diameter used. The open 
area fraction of the accelerator used was 43%. A much higher open-area 
fraction would be required for an actual propulsion application. 

The extraction ratio is the ion current extracted divided by the 
product of ion-current density at the sheath and the accelerator open 
area, J, /j A . This extraction ratio is presented in Fig. 12 as a 

D S BX 

function of relative sheath thickness, £ / d . It is clear from the 

’ s a 

distribution data that, for the same value of % /d , the extraction 

s a 

ratio increases monotonically with R, the net-to-total voltage ratio. 

The variation in extraction with R might be expected from the 

aperture effect at the accelerator grid. As R is decreased, the potential 

distribution within the apertures will change so as to deflect more ions 

into the accelerator grid. This increased impingement due to a decreased 

R, can, of course, be offset by an increase in sheath thickness, so that 

the ions acquire a greater fraction of their total energy before reaching 

the vicinity of the accelerator aperture. Inversely, one might expect 

to correct the performance to a higher value of R by subtracting some 

fraction of the sheath thickness. Experimentally, this correction of 

£ / d due to R was found to be about 
s a 



Extraction ra 



Relative sheath thickness, £ s /d a 


Fig. 12. Single-grid performance for a range of net-to-total 
voltage range, R. 
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AA /d ^ - 2 (0.8 - R) , (1) 

S £L 

with 0.8 used as the reference value of R. 

The preceding equation was used to correct all values of Z /d to 

S SL 

what would be expected for R = 0.8. The corrected data were then plotted 
as shown in Fig. 13. The lack of any clear ordering for different 
values of R in Fig. 13 indicates that the correction for different 
values of R was at least approximately correct. 

The mean line shown in Fig. 13 can be described by an equation. 

1/j A ^ 0.4 (£ /d ) - 0.8 (0.8 - R) (2) 

D S GX S a. 

If the extraction ratio, J./j A , from this equation, exceeds 1.0, a 

D S GX 

value of 1.0 should be used instead. This is because there is no 
physical reason to expect ions to be deflected away from the accelerator 
grid for R values less than 1.0. And R values less than 1.0 are required 
to prevent electron backstr earning. 

Several means of correlating the ion beam divergence angle were 
tried, with Fig. 14 showing the clearest correlation. The angle a shown 
in Fig. 14 is the half-angle that encloses 95% of the total ion beam. 

The half -angle at which the ion current density was half the peak value 
was typically about half the value of a given in Fig. 14. 

The results shown in Fig. 13 indicate that high extraction ratios 
can be achieved at sheath thicknesses several times the accelerator hole 
diameter. If a high open-area fraction is used for the accelerator 
grid, the fraction of ions extracted should also be high. The beam 
divergence can be quite large, as indicated by Fig. 14. The beam 
divergence can be expected to decrease if l /d is increased beyond the 

S cl 



Extraction rat i< 



Relative sheath thickness, (£ s /da)corr 


Fig. 13. Single-grid performance with £ s /d a corrected to a 
net-to-total voltage ratio of 0.8. 
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range shown in Fig. 14. The results shown in Figs. 13 and 14 are 
limited in that only one accelerator-grid configuration was used, 
results should, however, still be useful for performance estimates 


These 
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VI. CONCLUDING REMARKS 

Compared to previous tests with an open keeper, an enclosed keeper 
hollow cathode gave 60-70% higher electron emissions. At an argon flow 
of 0.4-0. 6 A-equiv, the enclosed keeper design gave emission-to-f low 
ratios of 28-33 A/A-equiv. In comparison the open keeper design only 
reached 16-23 A/A-equiv. 

A hollow cathode with a carbon tip and a glow-discharge heater was 
also operated. Unlike the conventional hollow-cathode design, no emissive 
oxide was used. Comparison with the performance of a conventional 
hollow cathode indicated that an additional anode-cathode voltage was 
required which provided the extra heating power for operation without 
oxide. The carbon tip design appears promising for larger hollow 
cathodes, where use of the conventional design could result in serious 
thermal stresses at the tip weld. 

Double-ion data from a 30-cm thruster operated at moderate voltages 
indicated agreement with a double- ion correlation obtained previously 
with data from a 15-cm thruster. This agreement indicates that extrapo- 
lation to even larger thruster sizes may be reasonable. Operation at 
moderate discharge voltages is important if the assumed two-step double- 
ionization process is to dominate. This assumption, however, should be 
easily met with designs intended to have long lifetimes. 

An ion reflection experiment was conducted with some of the anodes 
biased relative to the rest. It was hoped that ion reflection would 
take place when the positively biased anodes became more positive than 
the discharge plasma, resulting in reduced discharge losses. Although 
some anodes became more positive than the discharge plasma, no reduction 
in discharge losses was observed. The most likely explanations for the 
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absence of ion reflection appear to involve the magnetic field strength 
used and the fluctuations known to exist near the anodes. 

A single-grid ion-optics configuration was evaluated for possible 
use at, for electrostatic thrusters, low specific impulses. The trans- 
mitted ion current increased with the ratio of sheath thickness to 
accelerator hole diameter up to a ratio of 2-3. At this ratio the 
transmitted ion current corresponded to about the projected open area of 
the accelerator. The half-angle of beam divergence was quite large, 
ranging from about 30-60° (for 95% of the beam within this angle) . A 
reduction in this half angle would be expected for larger sheath 
thicknesses - more than 2-3 times the accelerator hole diameter. The 
maximum useful specific impulse for single-grid optics is limited due to 
the sputtering from direct ion impingement. Within this limit, though, 
the single-grid approach offers a means of avoiding the usual span-to- 
gap limits of multiple-grid ion optics. 
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APPENDIX A 


HOLLOW CATHODE/ENCLOSED KEEPER/ INERT GAS (Ar) 

PERFORMANCE DATA 
by Donald C. Trock 

Several configurations of enclosed-keeper hollow cathodes were 
operated for a range of keeper aperture diameters, keeper spacings, and 
argon flow rates. The detailed results are presented in the following 
figures : 

Figure A-l shows the first hollow cathode with enclosed keeper 
configuration used, while Fig. A-2 shows representative baseline data 
for the same hollow cathode, but with a standard Ta wire ring keeper. 
Since the tests were conducted over a wide range of Ar flow, and 
attendant variations in background pressure, Fig. A-3 quantifies the 
effects of background pressure for the system used in these tests. 

Figures A-4 through A- 7 present the data collected from the con- 
figuration of Fig. A-l. These tests were of limited usefullness 
because of high temperatures created by the boron nitride gas seal. It 
proved to be impractical to exceed 10 A anode current, so this series 
of tests were discontinued. 

Prior to completely reconstructing the test cathode, some alternate 
keeper configurations were briefly tested. Figure A-8 shows the three 
geometries tried. Figure A-8 (a) geometry proved to be inoperable, while 
the geometry of Fig. A-8(b) provided only a limited range of operation 
as shown in Fig. A-9. The geometry of Fig. A-8(c) was quite functional 
and provided the data shown in Fig. A-10. 

Figure A-ll shows the next test configuration constructed which 
effectively solved the high temperature problem. A lengthy series of 
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tests were then performed varying the keeper exit aperture diameter 
from 1 mm to 6.35 mm, varying the keeper aperture position between 
1 mm and 9 mm from the cathode orifice plate, and varying Ar flow rates 
from as low as 200 mA-eq to as high as 1200 mA-eq. Figures A-12 
through A- 34 present the data from these tests. 

Figures A-35 through A-39 cross-plot some of the collected data 
for easier analysis. 

Figure A-40 shows one final cathode-keeper configuration tested. 
This geometry replaces the open keeper aperture with a Ta foil tube of 
the same diameter, which extends to a close proximity with the cathode 
orifice. The data for several diameters and lengths are presented in 
Fig. A-41 through A-44. 




gas seal 8 insulator 


Fig. A-l. Hollow cathode with enclosed keeper. This is the first configuration tested. 
The stainless steel cup is moveable with respect to the boron nitride 
insulator, permitting variations in separation between the hollow cathode 
orifice and the keeper exit aperture. High cathode tip temperatures prohibited 
emission currents above 10 A. Cathode insert: porous tungsten with R-500 

added. Cathode orifice: 0.635 mm. Keeper current: 300 mA for all tests. 



Anode potential ,V 
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Fig. A-2. Hollow cathode baseline data. Hollow cathode from Fig. A-l 
but with Ta wire ring keeper installed in place of enclosed 
keeper. Keeper aperture: 4 mm. Keeper position: 1 mm 

from orifice plate. 


Orifice plate temperature, °C 



Anode potential^ 
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Fig. A- 3. System background pressure effect. Cathode: 6.35 mm diameter, 

0.76 mm orifice, with heat fin. Keeper: Ta wire ring, 4 mm 

aperture, 1 mm position from orifice plate. Ar flow: 400 mA. 

Background pressure varied by regulating diffusion pump gate 
valve. 


Potential ,V 



Fig. A-4. Hollow cathode/enclosed keeper performance as keeper position 
was varied with constant anode current. Test configuration: 

Fig. A-l. Keeper aperture: 1.5 mm. Ar flow: 800 mA. Cathode 

tip temperature rose to 1260°C at 7.5 A anode current. 



Potential ,V 



Keeper aperture position , mm 

Fig. A-5. Hollow cathode/enclosed keeper performance as keeper position 
was varied with constant anode current. Test configuration: 

Fig. A-l. Keeper aperture: 2.5 mm. Ar flow: 800 mA. Cathode 

tip temperature rose to 1325°C at 10 A anode current. 
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Keeper aperature position, mm 


Fig. A-6. Hollow cathode/enclosed keeper performance as keeper position 
was varied with constant anode current. Test configuration: 
Fig. A-l. Keeper aperture: 4 mm. Ar flow: 800 mA. Cathode 

tip temperature rose to 1200*C at 10 A anode current. 
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Keeper aperature position, mm 


Fig. A-7. Hollow cathode/enclosed keeper performance as keeper position 
was varied with constant anode current. Test configuration: 
Fig. A-l. Keeper aperture: 6.35 mm. Ar flow: 800 mA. 

Cathode tip temperature rose to 1190°C at 10 A anode current. 
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Section A-A Front view 


(a) Enclosed Keeper with non -concentric apertures. 



(b) Enclosed keeper with cone aperture. 



( c ) Enclosed keeper with reversed cone 

Fig. A-8. Three alternate enclosed keeper configurations which were 

briefly tested. Configuration (a) proved to be non-functional 
in that current could not be coupled to the anode. Performances 
of configurations (b) and (c) are shown on the following pages. 
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Anode current , A 


Fig. A-9 . Enclosed keeper with cone aperture, (see Fig. A-8(b)), produced 

steady emission only when apex of cone was within 1 mm of cathode 
orifice. At 2 mm and greater separation, pulsing eratic emission 
resulted. Arrows on data points indicate estimated averages. 
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Fig. A-10. Enclosed keeper with reversed cone aperture, (see Fig. A-8(c)), 
produced a steady, quiet appearing plasma over a wide range of 
flows and anode currents. 



Stainless steel cup 



cylinder 


Fig. A-ll. Hollow cathode with heat dissipating fin and enclosed keeper. This 
arrangement effectively dissipates heat and permits operation beyond 
the current limitations of the anode power supply of 20 A+. The 
enclosed keeper assembly moves with relation to the cathode and heat 
fin and permits adjustment of keeper aperture 0 - 9 mm from cathode 
orifice plate. Keeper operated at 300 mA for all tests. 
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Keeper aperture became white hot 
and enlarged to about 2mm diameter. 
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Anode current, A 

Hollow cathode/enclosed keeper performance. At this keeper 
aperture size, emission could be sustained only at the 1 mm 
keeper position, therefore several Ar flow rates are presented 
on this graph. Cathode temperature: 980°C at 1 A, to 1170°C 

at 20 A. Configuration: see Fig. A-ll. Keeper aperture: 1 

Ar flow: as indicated by symbols. 
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Fig. A-13. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 2 mm. Ar flow: 400 mA. 

Cathode temperature: 975°C at 1 A, to 1075°C at 6 A. 
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Fig. A-14. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A- 11. Keeper aperture: 2 mm. Ar flow: 600 mA. 

Cathode temperature: 935°C at 1 A, to 1165°C at 14 A. 
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Fig. A-15. 


Anode current, A 

Hollow cathode/enclosed keeper performance. Configuration 
see Fig. A-ll. Keeper aperture: 2 mm. Ar flow: 800 mA. 
Cathode temperature: 935*C at 1 A, to 1325*C at 21 A. 


Potential, V 



Potential, V 



Anode current, A 


Fig. A-17. Hollow cathode/enclosed keeper performance. Configuration 
see Fig. A- 11. Keeper aperture: 3 mm. Ar flow: 600 mA. 

Cathode temperature: 925*C at 1 A, to 1150°C at 17 A. 
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Fig. A-19. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 3 mm. Ar flow: 1000 mA. 

Cathode temperature: 940°C at 1 A, to 1260°C at 23 A. 



Fig. A-20. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 3 mm. Ar flow: 1200 mA. 

Cathode temperature: 925°C at 1 A, to 1235*C at 25 A. 
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Fig. A-21. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 4 mm. Ar flow: 400 mA. 

Cathode temperature: 930°C at 1 A, to 1025°C at 8 A. 
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Fig. A-22. Hollow cathode/enclosed keeper performance. Configuration 
see Fig. A-ll. Keeper aperture: 4 mm. Ar flow: 600 mA. 

Cathode temperature: 950°C at 1 A, to 1190*C at 17 A. 
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Fig. A-23. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 4 mm. Ar flow: 800 mA. 

Cathode temperature: 920*C at 1 A, to 1170°C at 25 A. 
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Fig. A-24. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 4 mm. Ar flow: 1000 mA. 

Cathode temperature: 950*C at 1 A, to 1140°C at 25 A. 
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Fig. A-25. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 4 mm. Ar flow: 1200 mA. 

Cathode temperature: 925°C at 1 A, to 1205*C at 25 A. 


Potential, V 



Fig. A-26. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 5 mm. Ar flow: 400 mA. 

Cathode temperature: 925°C at 1 A, to 1025*C at 10 A, 
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Fig. A-27. Hollow cathode/ encolsed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 5 mm. Ar flow: 600 mA. 

Cathode temperature: 920°C at 1 A, to 1075°C at 17 A. 
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Fig. A-29. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 5 mm. Ar flow: 1000 mA. 

Cathode temperature: 950°C at 1 A, to 1175°C at 23 A. 
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Anode current , A 

Fig. A-30. Hollow cathode/enclosed keeper performance. Configuration: 
see Fig. A-ll. Keeper aperture: 5 mm. Ar flow: 1200 mA. 

Cathode temperature: 920°C at 1 A, to 1110°C at 22 A. 
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Fig. A-31. Hollow cathode/enclosed keeper performance. Configuration: 

see Fig. A- 11. Keeper aperture: 6.35 mm. Ar flow: 200 mA. 

Cathode temperature: 1000°C at 1 A, to 1015°C at 2.5 A. 
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Anode current, A 

Fig. A-32. Hollow cathode/enclosed keeper performance. Configuration: 

see Fig. A-ll. Keeper aperture: 6.35 mm. Ar flow: 400 mA. 

Cathode temperature: 990°C at 1 A, to 1150*C at 13 A. 
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Fig. A-33. Hollow cathode/enclosed keeper performance. Configuration: 

see Fig. A-ll. Keeper aperture: 6.35 mm. Ar flow: 600 mA. 

Cathode temperature: 975*C at 1 A, to 1050*C at 20 A. 
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Fig. A-36. Hollow cathode/enclosed keeper performance presented as an 
effective impedance vs propellant flow for six keeper 
aperture sizes. 
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Fig. A-37. 


I I I I I 

I 2 3 4 5 

Aperture diameter, mm 

Hollow cathode/enclosed keeper performance defined as anode 
potential required to maintain a constant anode current as 
keeper aperture size is varied. Data taken at an Ar flow of 
800 mA, and a keeper aperture position of 7 mm. For configuration 
see Fig. A-ll. Dashed line indicates that 20 A could not be achieved 
under these conditions due to pulsing, erratic emission. 
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current required to maintain a constant anode current as Ar flow 
is varied. For test configuration see Fig. A-ll. Keeper aperture: 
4 mm. Keeper aperture position: 7 mm. 
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Fig. A-39. Plots of optimum enclosed keeper spacings for a range of 
keeper aperture diameters. Extracted from data presented 
on pages A-12 through A- 34. 




Hollow cathode with enclosed keeper. This is the same configuration 
as Fig. A-ll except that a Ta tube has replaced the Ta foil aperture. 
Data for various sized tubes are presented on pages following. 


Fig. A-40. 
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Fig. A-41. Hollow cathode/enclosed keeper with tubular aperture. 

Configuration: see Fig. A-40. Tubular aperture length: 

10 mm. Tubular aperture diameter: 3 mm. Cathode temper 

ature: 1000°C at 1 A, to 1130*C at 23 A. 
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Fig. A-42. Hollow cathode/enclosed keeper with tubular aperture. Con- 
figuration: see Fig. A-40. Tubular aperture length: 10 mm. 

Tubular aperture diameter: 4 mm. Cathode temperature: 

1000*C at 1 A, to 1150°C at 25 A. 
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Fig. A-43. Hollow cathode/enclosed keeper with tubular aperture. Config- 
uration: see Fig. A-40. Tubular aperture length: 10 mm. 

Tubular aperture diameter: 5 mm. Cathode temperature: 1000*C 

at 1 A, to 1130°C at 25 A. 
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Fig. A-44. Hollow cathode/enclosed keeper with tubular aperture. Config- 
uration: see Fig. A-40. Tubular aperture length: 7 mm. 

Tubular aperture diameter: 5 mm. Cathode temperature: 

1000‘C at 1 A, to 1080*C at 25 A. 
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APPENDIX B 

PRODUCTION OF DOUBLY CHARGED IONS 
by Gregory M. Plank 

Under the proper conditions, the single step production of doubly 

charged ions can be significant. To aid in the evaluation of this 

single step contribution, a double ion parameter is derived herein. 

This parameter is similar to one derived earlier, but includes both 

single and double-step production of double ions from primary electrons. 

The earlier parameter included only the contribution due to double-step 
Bl 

production. In both this and the earlier derivations, double ion 

production from Maxwellian electrons is assumed negligible. The basis 

for this assumption is the general tendency towards lower Maxwellian 

electron temperatures in larger thruster sizes, where prediction of 

large thruster performance is the primary motivation for this study. 

Bl 

The basic equation from which the derivation starts is 
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ft 

= — £■ p 

A -t 
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n p [P + +(n o /n + )P o 


^ + “m^ 


+ <VVV 


[2T (e/m ) (1+n /n ) ] 
m i pm 


1/2 


(Bl) 


I | [ | 

where P q and P p are the rate factors for neutral atom to doubly 

charged ion and singly to doubly charged ion from primary electrons, 

Q and Q, are the same rates from Maxwellian electrons, n. and n. , 
o H- + ++ 

are the densities of singly and doubly charged ions, n^ and n^ are the 
densities of primary and Maxwellian electrons, n Q is the neutral atom 
density, e is the electronic charge, m^ is the ion mass, T^ is the 
Maxwellian electron temperature (in eV) , ft and A are the volume and 
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outside area of the primary electron region, and F is a geometrical 

TT 

factor for double ions. 

Due to the assumed low value of Maxwellian electron temperature, 

-|_j- _j_ | 

the Q q and Q + processes can be ignored. Also, for normal operation, 

n is much smaller than n , so that n /n is negligible compared to 
p m p m 6 6 r 

unity. Dropping these terms, together with the substitution of 


h. + _ 3/2 . 

/ 1 =2 n | | /n | 


(B2) 


gives 



F, 

. . £_j 


n [ p , +(.n / n ) P 

p + o + o 


(eT /m ) 
m I 


1/2 


(B3) 


From the production rate of singly charged ions and the free-molecular- 

flow of escaping neutrals, an expression for primary electron density 
B 1 

can be obtained. 


n = A A J, v /4A J P (1-n )fi 
p opbo soo u p 


(B4) 


where A q is the effective sharp-edged orifice escape area for neutrals, 

is the beam current, v^ is the most probable neutral velocity, A g 

is the screen extraction area for ions, J is the total neutral flow 

o 

rate (in A-equiv) , P q + is the rate factor for neutral to singly ionized, 
and n u is the propellant utilization. With the substitution of Eq. (B4) 
into Eq. (B3) , 
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Rearranging and multiplying by A /Q , 
' P P 
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2P + (eT /m.) 1/2 J o (1 ~ n u )fi p 
o m l r 


(B6) 


The left side is the double ion parameter when single-step production 
of doubly charged ions is included. Note that the only difference 
between this parameter and the one shown in Fig. 8 is the replacement 


(e V d -* 2 ) [P + ^+(n o /» + )P o ++ ] . 

When only two-step production of doubly charged ions is considered, 

j | |- j 

P q is ignored and P + is approximated as 

p/* = K(eV d -<|> 2 ) . (B7) 

When both one-step and two-step production are included, such a sim- 
plification is not particularly advantageous. Values of P q and 

II 

P + have been presented previously. For n Q , one can obtain from 
free molecular flow equations, 


n = 4J ( 1— n )/eA v , (B8) 

o o y o o 

while for n , using a Bohm directed velocity toward the ion extraction 

*r 

area of A , one finds 



88 


ik = F,J, /(e 3 T /m.) 1/2 A 
+ + b mi s 


(B9) 


where F. is a geometrical factor for single ions. Divising n by n, , 
+ o T 


n 4A J (1-n ) (eT /m. ) 
o so u m i 7 


1/2 


n, 


A J, v F, 
o b o + 


(BIO) 


For v q a typical discharge-chamber wall temperature of 600°K can be 
assumed. If T m is known, it can be used directly. If it is not known, 
it can be estimated for large thrusters as <1)^/4, where <|>^ is the first 
ionization potential. 

For the right side of Eq. (B6) , the part in brackets is the recip- 
rocal of the neutral loss parameter. The rest of the parameters on the 
right side are nominally constants, but in fact do change somewhat with 
operating conditions. 

To avoid the region of rapid variation, only data for neutral 

loss parameters greater than 1.5 were used to compare the correlation 

| | 

parameters shown in Fig. 8 and Eq. (B6) . The ratio of P + to 
| |- | | 

[p + +(n Q /n + )P o ] for previously correlated 15-cm data indicated that 
about 60% of the doubly charged ions were produced by a two-step 
process, while 40% were produced by a one-step process. The higher 
discharge voltages used for some of the 30-cm data would be expected 
to increase the significance of the one-step process, hence result in 
the departure from correlation indicated in Fig. 8. 

Again limiting the comparison to neutral loss parameters greater 
than 1.5, the double ion current ratio I /I was calculated using a 
correlation value of 1.3 x 10 3 m/ (A-equiv) (eV) (2.1 x 10 3 from 
Fig. 8 times 0.6), then multiplying by the ratio of [P + +(n Q /n + )P o ] 
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|| 

divided by P + . The correlation values obtained in this manner are 
compared to the experimental values in Fig. Bl. The exact ratio of 
experimental to correlation value is, of course, dependent on the 
assumed 60% of double ions produced by a two-step process. What is 
more significant is the small ^±20% departure from mean values. 

From the preceding, it is concluded that the single-step contribu- 
tion should be included in an estimate of total doubly ionized produc- 
tion. To summarize the procedure, the mean correlation curve is 

|| | 

reduced by 40%, then the predicted value of I /I is increased by 
the ratio of [P, ++ +(n /n,)P ++ ] divided by P, 

If the double ion fraction is low enough to permit a long operating 
lifetime, then the fraction of double ions produced by a one-step 
process should be small. Conversely, if the fraction produced by the 
one-step process is large, then the thruster should be expected to have 
only a short lifetime. The most useful application of this procedure to 
thrusters should simply be to improve the understanding of double ion 
production for extreme operating conditions. 



Experimental ratio, (I ++ /I + ) 
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Correlation ratio, (I ++ /I + ) corr 


Fig. Bl. Comparison of 30-cm double-ion ratios, with 
both one-step and two-step production of 
double ions from primary electrons included 
in the correlation predictions. 
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